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A methodology for computerized digital videoangiocar-
diography is briefly described. Single or biplane projec-
tion image series from the cardiovascular system are
combined with the corresponding physiologic (electro-
cardiogram, blood pressure, etc.) reference data, digi-
tized and stored as a block of simultaneously available
information representing anatomic and functional as-
pects of the cardiovascular system. Simple mask mode
and more complex modes of digital subtraction, image
combination and manipulation techniques, as developed
during the last decade, are mentioned. These techniques
are primarily useful to separate the contrast bolus from
the background, thereby allowing contrast enhancement
with less contrast medium injected selectively, or so-
called noninvasive intravenous angiocardiography. Ven-
tricular function can be assessed by these simple digital
image processing techniques. This has been proved for
determining right ventricular volumes and ejection frac-
tion with respect to reproducibility and accuracy using
conventional biplane angiocardiography as reference.
More complex techniques for the assessment of func-
tion, in particular blood flow distributions in the sys-
Although conventional cine- and videoangiocardiography
have reached a high degree of perfection, digital electronic
imaging techniques have been increasingly applied in clin-
ical cardiovascular radiology since 1978 (1-10). This has
occurred mainly because years earlier (11,12), we dem-
onstrated that remarkable contrast enhancement could be
achieved after electronically removing the background
structures by digital electronic subtraction. This contrast
enhancement, in tum, allowed either the reduction of the
amount of contrast medium to be injected selectively or -
obviously more attractive to most investigators - the abil-
ity to achieve sufficient delineation of the central and pe-
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temic circulation, are described using information from
the whole digitized angiocardiographic image series by
extracting time and volume parameters from the com-
plete matrix of pixel densograms.
Various modes of extraction and display of time pa-
rameters allow a generation of parametric images that
display heretofore unavailable flow patterns reflecting
the progress of the contrast bolus within the arterial tree.
Based on an adequate temporal segmentation (for ex-
ample, time segments of one cardiac cycle) and simul-
taneous volume determination of the circulatory struc-
ture from the area of the densogram, relative and absolute
flow as well as regional flow distribution in a branching
arterial system can be determined. Methods and prin-
ciples are mentioned briefly for assessing the progress
of the contrast bolus within the coronary vessels and the
perfusion phase of the capillary bed of the myocardium,
thereby allowing the detection of perfusion disturbances
and abnormal time courses of contrast material accu-
mulation and washout from the myocardium.
(J Am Coli CardioI1985;5:150S-7S)
ripheral cardiovascular structures by intravenous injection
of the contrast material. In this sense, digital angiocardiog-
raphy became a "noninvasive" or, more correctly, a "less
invasive" procedure. The main field of clinical application
of digital subtraction angiocardiography has been the as-
sessment of the anatomy of the cardiovascular system. Start-
ing with the analysis of the peripheral arterial circulation,
recent investigations have been extended to the central ves-
sels and the heart and have included more functional aspects.
The potential power of digital angiocardiography, however,
is not related mainly to the assessment of the anatomy by
use of less contrast material or intravenous injection, but to
the specific advantages in assessing and simultaneously
quantifying various and new aspects of cardiovascular func-
tion. The objective of this presentation is to demonstrate
how and why digital angiocardiographic techniques can be
successfully applied to the study of cardiovascular function
and to underline this by some clinical and experimental
examples.
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Methods 
Digital imaging system. We use a standard biplane X-
ray image intensivifier TV system with an electronic switch-
ing unit (I3) which mixes anteroposterior and lateral pro-
jection images from two TV cameras together within one 
video field. The electronic output signal from the TV cam-
eras can be stored simultaneously on videotape and sub-
sequently digitized in a shuttle mode; it can also be digitized 
in real time and fed into the matrix memory of the Image 
Sequence Acquisition and Analysis Computer (ISAAC). The 
standard digitization rate is 256 x 256 pixels with eight bit 
gray scale level resolution. Physiologic reference data, such 
as the electrocardiogram or blood pressures, are included 
in digital format within each video field (MODEM). The 
ISAAC system has an expandable semiconductor memory 
with 12 Mbyte of real time storage capacity that is being 
expanded to 24 Mbyte. It is connected to a PDP 11140 host 
computer with an 88 Mbyte digital disc, digital tapes and 
various input/output devices. This system is described in 
detail elsewhere (14-16). 
Principles of digital image processing. In digital an-
giocardiography, the line structure of a video angiocardi-
ographic image sequence is changed by analog to digital 
conversion into a block of "homogeneous" data that is 
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the storage capacity of a digital computer (Fig. 1). Each 
picture element (pixel) represents the brightness information 
at a given picture site and at a given time. By this procedure, 
a series of subsequent pictures is transformed into a block 
of simultaneously available data so that the spatial and tem-
poral information is interchangeable and can be combined 
or mixed as desired. This simultaneous availability of all 
data, characterizing the anatomy of the cardiovascular sys-
tem and the changes of structure and blood flow with time, 
that is, function, is the main reason for the specific advan-
tages of digital over conventional angiocardiographic im-
aging techniques. The desired or required spatial and tem-
poral resolution may vary widely in different fields of 
radiologic applications of digital imaging techniques. In 
cardiovascular radiology, a spatial resolution of 256 x 256 
or 512 x 512 pixels and an image frequency of up to 50 
fields/s (60 in the United States) covers most of the needs. 
As published earlier (II, 17), single static images and, in 
particular, image sequences can be subjected to a number 
of image processing techniques, such as histogram modi-
fications, filter operations (spatial, temporal, matched filter 
operations), image restorations and other manipulations that 
can facilitate or improve the extraction of clinically relevant 
information by contrast enhancement or by generating new 
image aspects and qualities. 










Figure 1. A, Schematic diagram demonstrating 
the transformation of the linear structure of a 
series of video images into a homogeneous block 
of digitized data by analog to digital conversion 
of the video signal. Spatial and temporal infor-
mation are simultaneously available and inter-
changeable for further processing as desired. 8, 
Within such a digitized image series, each pic-
ture element ("pixel") can be considered as a 
videodensitometric window recording the tem-
poral density changes at each given picture ele-
ment as a pixeldensogram (C) from which pa-
rameters such as time, shape and volume can be 
derived. 
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GATED IMAGES (ECG, RESPIRATION)
SUBTRACTION AND/OR SUMMATION
more than one picture in an image series (taken at different
times) is combined, the result may yet only reflect anatomy.
This is so if the background is subtracted from the dye-
filled cardiovascular structures. There are, however, many
other modes of processing digital image series (Fig. 2). If
the information from a few or an increasing number of
individual pictures is combined (subtracted, summed up or
mixed), these pictures reflect the cardiovascular system at
different functional states, that is, at a given time interval
or at specific instances of the cardiac cycle (end-systole or
end-diastole). Therefore, such operations qm be considered
as simple types of functional imaging. Simple mask mode
subtraction (background subtraction without considering the
cardiac phase) can be performed easily in real time. It gives
satisfactory results if motion artifacts can be kept small, for
example, in intravenous and intra-arterial subtraction an-
giography of the peripheral circulation. If, however, digital
subtraction techniques should be applied to the central cir-
culation, particulary in infants and children, motion artifacts
are caused by the contraction of the heart and even more
by respiration. The slow motion artifacts of respiration in
Figure 2. A survey of various modes of processing digitized an-
giocardiographic image series by different combinations of infor-
mation from more than one picture. The most common and sim-
plest way is mask mode subtraction. In time interval difference
subtraction, the changes of the image over fixed time intervals are
recorded during the contrast passage, reducing slow background
motion artifacts (respiration). Examples of more complex sub-
traction, summation and combination procedures of several images
are given in the three columns on the right. CORO = coronar-
ogram; DEXTRQ = dextrocardiogram; ECG = electrocardio-
gram; ED = end-diastole; ES = end-systole; LAEVO =
levocardiogram.
Figure 3. Intraobserver (A) and interobserver (B) variability of
right ventricular volume determination based Oft digital subtraction
angiocardiogram. The time interval between the two volume de-
terminations was several weeks. C, Survey of the correlation coef-
ficients (r) obtained from studies of intra- and interobserver var-
iability for right ventricular volumes determined from conventional
angiocardiograms (ANGlO) (left) and digital subtraction angio-
cardiograms (DSA) (right) with selective right ventricular injec-
tion. As can be seen, there is practically no relevant difference
between the two techniques with respect to reproducibility of right
ventricular (RV) volumes. EDV = end-diastolic volume; ESV =
end-systolic volume; SV = stroke volume.
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Figure 4. Comparison of right ventricular (RY) volume and ejec-
tion fraction determinations based on angiocardiograms after se-
lective injection of contrast material using conventional (ANGlO)
and digital subtraction angiocardiograms (DSA) in 20 patients with
various types of heart disease. Individual results are plotted for
the end-diastolic (EYD) (A) and end-systolic (ESY) (B) volumes.
The statistical variables are given for stroke volume (SY) and
ejection fraction (EF) in C. demonstrating a high correlation which
means "accuracy" if the conventionally determined volumes are
considered as the best reference for the "true" volumes. ACG =
angioc~diogram.
adults can be reduced by subtracting images that are sep-
arated by a short time interval, thus leaving only the more
rapid changes of the contrast material distribution related to
the heart motion and blood flow. The contrast itself is thereby
reduced, which can be compensated for, in part, by higher
amplification because background is subtracted. From the
beginning, in 1976, we used electrocardiographic-gated
techniques, which were almost always required to give ac-
ceptable results from image subtraction if digital processing
was applied to the central circulation. The method developed
in our laboratory (18) allows the selection of pictures for
subtraction from a series of background images taken over
a whole respiratory and cardiac cycle before contrast injec-
tion in order to find those pictures that optimally correspond
to the actual contrast pictures by manually postprocessing
or (on-line) cross-correlation techniques. For specific studies
of left or right ventricular function, the radiation can be
triggered (19) from the computer or a microprocessor that
coordinates image generation, image acquisition, digitiza-
tion, processing, storage and retrieval. By this technique,
the radiation dose and the amount of contrast material can
be reduced in digital angiocardiography for a specific study.
Ventricular Function Studies
beats have been used to determine left and right ventricular
end-diastolic and end-systolic volumes as well as stroke
volume and ejection fraction. Several groups (20-22) have
demonstrated that left ventricular volumes and ejection frac-
tion determined by conventional or digital techniques cor-
relate very well with those determined with intravenous or
selective contrast injection. We have also extended these
studies to the more complex right ventricle (23). The intra-
and interobserver variability of volume determination and
its accuracy have been determined by comparing the cal-
culations from digital angiocardiograms with those from
conventional selective right ventricular angiocardipgrams
from the same patient (Fig. 3 and 4). It can be seen that
this type of analysis of ventricular pump function can be
made with the same degree of accuracy, but with about only
1/, of the contrast material used in conventional angio-
cardiography.
With the whole sequence of images stored in digital for-
mat, any desired combination of pictures from various phases
of the contrast passage can be used to synthesize composite
images, whereby the background may be removed and the
noise reduced before or simultaneously with image synthe-
sis. Combinations of dextro- and levocardiograms depicted
in different gray scale levels or colors demonstrate the spatial
relation between the heart chambers and great vessels and
thereby allow a clear delineation of the ventricular septum,
in particular in the four chamber view (24). For these stud-
ies, a limited number of pictures from the whole series must
be processed. However, an interactive search for those pic-
tures that optimally fit each other is required and can be
done shortly after the procedure. To facilitate this image
selection and processing procedure, we developed a specific
color display system that demonstrates the operation mode
of the ISAAC system in an ergonomic way (25).
For functional studies of ventricular performance bi-
plane, electrocardiographic-gated end-systolic and end-di-
astolic pictures obtained with intravenous or selective in-
jection of contrast material and significantly fewer premature
Complex Modes of Functional Imaging
Blood flow distribution measurements. Each picture
element (pixel) can be considered as a small spot-like vi-
deodensitometric window within which the density changes
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Figure 5. Schematic demonstration of the principle of roentgen-
densitometric flow determination. From the area under the den-
sogram, the depth of the vessel or the volume element (VOL) of
the vessel can be determined. Summing up these volume elements
from all pixels covering the segment of the vessel between the
two sites at which transit time has been measured yields the volume
of the blood displaced during the measured transit time and, hence,
the volume flow.
recorded during the passage of contrast material constitute
a "pixeldensogram." Thus, the whole digitized block of
data obtained from an angiocardiographic image series with
a spatial resolution of 256 x 256 pixels represents about
65,000 pixeldensograms. From each or a chosen group of
such density-time curves, several parameters can be derived
and displayed as a new picture quality. Some of these pa-
rameters that we use (26,27) are: 1) the maximal amplitude
of the whole pixeldensogram, irrespective of the time of its




TRANSIT TIME AND VOLUME
PARAMETER EXTRACTION
of the forward triangle of the pixeldensogram divided by
the maximal amplitude of the densogram, representing the
mean concentration time; 4) a measure of the degree of the
similarity between pixeldensograms, expressed by the max-
imal covariance or by cross-correlation techniques; and 5)
the time shift between two pixeldensograms, required to
obtain the highest value in the similarity test. These param-
eters extracted from the whole time course of the pixelden-
sogram can be displayed at the site of the corresponding
pixel, thereby generating new parametric images. These
images depict anatomic or functional aspects of the cardio-
vascular system that are not available by viewing an angio-
cardiographic image series or by evaluating any single orig-
inal picture.
In our method of regional blood flow determination (28,29),
time and volume parameters are used (Fig. 5). If, for ex-
ample, the time of arrival of the chosen contrast bolus at a
given (or each) pixel is measured and depicted at the re-
spective pixel site as a gray scale level or encoded color,
the resulting time parameter images demonstrate the prog-
ress of the chosen bolus criterium (arrival, mean concen-
tration or time of maximal concentration) in an arterial vessel
provided that the spread of contrast material is not directed
perpendicular to the X-ray plane. Depending on the velocity
of the bolus and the frame rate, a temporal segmentation is
achieved that reflects the contrast flow pattern in steps of
20 ms. (Fig. 6).
This detection and simultaneous display of flow-velocity
structures with arterial vessels was not possible previously
by any other method. The two-dimensional display of time
parameter distribution, however, gives only semiquantita-
tive information about the volume flow. Relative flow dis-
tribution or absolute ftow measurements require the addi-
tional quantitation of dimensions, such as cross-sectional
Figure 6. Two examples of contrast flow
patterns in the aorta obtained by a display
of time variables characterizing the prog-
ress of the contrast bolus (its mean con-
centration time, MAZ) in steps of 20 ms.





Figure 7. Contrast flow pattern in the aortic root and central
arteries with temporal segmentation of 40 ms (left) and 80 ms
(right). In the right panel, the flow distribution is quantitated by
simultaneous time and volume calculations, and the percent flow
into the branching arteries is displayed. In this example, the flow
values are influenced by the phasic changes in blood flow velocities
in the central aortic root because the temporal segmentation is not
related to the cardiac cycle. (Compare this figure with Figure 8.)
area and length of the time segments, or of the volume of
those time segments. The latter can be automatically cal-
culated from the same set of pixeldensograms used for time
parameter extraction (Fig. 7). According to the indicator-
dilution principles, the area under the time-concentration
curve is constant in all parts of the arterial system distal to
the injection site. In roentgen densitometry, the amplitude
of the densograms is given by the amount of contrast ma-
terial within the path of radiation, that is, the product of
concentration multiplied by depth. Therefore, the differ-
ences in the areas under the roentgen densograms are a
measure of the thickness of the vessel at each pixel position,
and the sum of all areas under these pixel densograms rep-
resents the relative volume of the respective vessel segment.
Thus, relative volume flow can be detennined from the
known volume displacement of the bolus within the mea-
sured time interval. The regional flow can be automatically
displayed at the appropriate site of the branching arterial
tree (Fig. 7).
With appropriate dimensional calibration of the vessel
diameter or length, volume-flow and volume-flow relations
among various arterial segments can be converted into ab-
solute values. An application of this method to pediatric
cardiology for regional blood flow measurement in branch-
ing vessels is demonstrated in Figure 8 in a child with a
Blalock-Taussig anastomosis (29). By preprocessing the
original angiocardiogram and temporal segmentation of the
contrast bolus with a time interval of one cardiac cycle, the
progression of the bolus into the aorta and central arteries
is seen beat by beat by the various gray scale levels. Based
on simultaneous volume detennination of these segments,
volume flow per beat through the Blalock-Taussig anasto-
mosis was 14% of the stroke volume. The extension of this
method to stenosed arterial vessels (systemic and coronary
arteries) requires special consideration. Experimental in-
vestigations and validation studies are now being perfonned
in our laboratory.
Figure 8. A, Digitized angiocardiogram from a child
with a Blalock-Taussig anastomosis. B, Results of
flow calculation for the same patient. Progress of
the bolus (temporal segmentation) is demonstrated
in gray scale levels for time steps of one cardiac
cycle length. With this method, it can be shown
that 14% of the cardiac output and central aortic
flow is going through the Blalock-Taussig anasto-
mosis, 2% into the left carotid and II % into the
innominate artery.
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Perfusion studies. After progression of the contrast ma-
terial into the smaller arteries and the capillary bed, the
spread and distribution of the contrast material can be fol-
lowed in different ways and in various organs. We have
studied mainly myocardial perfusion by digital contrast en-
hancement techniques (30-34), and have demonstrated that
by improving endocardial and epicardial left ventricular bor-
der detection, left ventricular muscle mass can be deter-
mined with a high degree of accuracy. In experimentally
induced infarctions, it was possible to detect and quantitate
perfusion defects from biplane projection images. However,
in contrast to the quantitative measurements from perfused
arteries, there are specific limitations with projection im-
aging techniques because they do not allow an unambiguous
determination of the spatial spread of the contrast material
in a three-dimensional organ.
Conclusions
Although digital image processing techniques have major
advantages in cardiovascular radiology, these techniques
cannot yet replace standard angiocardiography, in particular
in children with congenital heart disease. With the currently
available commercial systems, digital angiocardiography is
still an additional technique that can complement the high
quality conventional angiocardiographic methods. In some
instances, it can replace more invasive investigations, but
without being strictly noninvasive. Principally, all angio-
cardiograms that do not require the highest spatial and tem-
poral resolution can be obtained with less than one-third of
the amount of usually injected contrast material and with
significantly less circulatory disturbance. This is particu-
larly important for interventional studies of left and right
ventricular function.
The full advantage of this digital electronic imaging will
become available if cine and present video techniques can
be completely abandoned. This of course, requires a spatial
and temporal resolution comparable with that of conven-
tional angiocardiography and real time storage capability.
The "filmless" cardiac catheterization laboratory with fully
electronic angiocardiography and rapid access to all relevant
anatomic and functional information obtained from physi-
ologic measurements and digitized images will be the final
step in this development. This, however, would not mean
a limitation of these techniques to digital subtraction, nor
a return to only intravenous injection modes. The so-called
noninvasive intravenous angiography will have some spe-
cific indications.
The potential power of computerized angiocardiography
is due to: 1) the flexibility of electronic digital data handling
for image acquisition, processing, storage and retrieval, in
particular in image series, and 2) the possibility of arriving
at completely new image qualities and information about
the circulation not previously available from conventional
radiographic imaging techniques. The main advantage of
applying digital techniques to image series is that infor-
mation from more than one picture can be used in any
desired way. This allows the application of specific biologic
concepts for functional or parametric imaging. As a result,
the assessment of anatomy with less contrast material by
subtraction techniques can be considered as a preprocessing
step for quantitation of both anatomy and function of the
cardiovascular system. Utilizing ideal background subtrac-
tion, the "pure" contrast bolus serves as the input infor-
mation for the second, more specific processing step, namely,
the quantitative analysis of the spatial and temporal contrast
material distribution, the follow-up of its changes and the
physiologic and diagnostic interpretation of the new imaging
modes.
We thank Ulrike Biirsch for her fast, flexible and competent assistance.
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